Optimisation of the performance of a novel rotationally asymmetrical optical concentrator design for building integrated photovoltaic system ', Energy, vol. 90, no. 1, pp. Abstract: Solar energy is one of the renewable energy sources that has shown promising 22 potential in addressing the world's energy needs, particularly via the solar photovoltaic (PV) 23 technology. However, the high cost of installation is still being considered as the main 24 obstacle to the widespread adoption of solar PV system. The use of solar concentrators is one 25 of the solutions that could help to produce lower cost solar PV systems. One of the existing 26 concentrator designs is known as the rotationally asymmetrical dielectric totally internally 27 reflecting concentrator (RADTIRC) which was developed in Glasgow Caledonian University 28 (GCU) since 2010. This paper aims at optimising the existing RADTIRC prototype by 29 increasing its electrical output whilst keeping the cost of the system at minimum. This is 30 achieved by adopting a better material and a different technique to fabricate the concentrator.
Introduction

42
Energy is essential in our daily life. It is needed not only to meet the social and 43 economic development, but also to improve human welfare and health [1] . According to a 44 recent report by the Energy Information Administration (EIA), the world's annual energy approach, it is possible to minimise the usage of PV material significantly while maintaining 75 the same electrical output. The concentrator can be fabricated using inexpensive materials 76 such as plastic or mirrors, which offsets the cost of the displaced PV material [22] . 77 Specifically for building integration, the PV technology that includes a low gain concentrator 78 (gains < 10x) in the design is desirable since it has a wider half-acceptance angle to maximise 79 the collection of sunlight throughout the day as well as to cater for variations of sun path 80 throughout the year, hence eliminating the need for any mechanical sun tracking system. This 81 low gain concentrator-PV is commonly known as low-concentration photovoltaics (LCPV) 82 system. 83 In the last few years, various LCPV designs have been demonstrated by many walled compound parabolic concentrator (ALCPC) [26] [27] [28] [29] . From the experiment, they 92 demonstrated that the ALCPC generated comparable maximum output power when compared 93 with a common mirror CPC but at the same time provided superior half-acceptance angle 94 than a common mirror CPC -allowing the ALCPC to generate more electricity in a year [26] . 95 They also claimed that the ALCPC design could reduce the overall cost significantly since it 96 utilises between 20% and 25% of the dielectric material used by Mallick and Eames [25] . 97 Muhammad-Sukki et al. [30] [31] [32] [33] [34] [35] [36] simulated the performance of an extrusion of a symmetrical 98 dielectric totally internally reflecting concentrator (DTIRC) based on the maximum 99 concentration method (MCM). The design could achieve a maximum optical concentration 100 gain of 4.08 when compared with a bare cell [33] and could reduce the overall installation 101 cost by 41% [34, 35] . Although the first prototype yielded good results, two problems were identified: (i) 121 the dimensions of the concentrator were smaller than the design specifications due to the 122 usage of a silicon mould (see Figure 2 ), and (ii) the material used in the prototype suffered 123 from discoloration and photo degradation with time (from clear to yellowish colour as 124 illustrated in Figure 3 ), which reduced its maximum power performance by 7.84% after 2 125 years (from 72.03 mW to 66.38 mW), as presented in Figure 4 . This paper aims to further 126 optimise this RADTIRC prototype. In particular interest will be to adopt a better material and 127 a different fabrication technique. Sections 2 and 3 explain about the material and the fabrication technique chosen to 142 fabricate the optimised prototype respectively. Section 4 discusses in detail the assembly 143 process of the optimised RADTIRC-PV structure. Afterwards, Section 5 presents the simulations that were carried out to evaluate the performance of the RADTIRC-PV structure.
145
Subsequently, the experimental setup is laid out in Section 6 before presenting the 146 experimental results in Section 7. Finally the conclusions and future works are presented at 147 the end of the paper. There are a number of factors that need to be taken into account when choosing the 152 material for any LCPV system. For any concentrator that is fabricated from a dielectric 153 material, the requirement include [18]: 154 i. The cost of the material must be cheaper that the cost of the displaced PV material.
155
This ensures that the design can reduce the overall cost of installation;
156
ii. The dielectric material must have excellent/high transmission and low absorption to 157 ensure that all the light is transmitted to the solar cell. This will also reduce the optical 158 loss in the system.
159
iii. The dielectric material must have a higher mechanical strength than the encapsulation 160 material to ensure that the concentrator can maintain its geometrical features. [26, 28, 29, 46] , ACPCs [25, 47] , and luminescent solar concentrators (LSCs) [48] [49] [50] [51] . Based 183 on these facts, it is proposed that the material used for the optimised RADTIRC was PMMA. To produce a solar concentrator, there are various fabrication techniques available to 188 date. These include 3D printing, silicon moulding, injecting moulding and single diamond 189 turning. It has been indicated earlier that the old prototype (studied by et.al [38, 39] ) was fabricated from a silicon mould and that this prototype shrinked.
191
Therefore this technique is not considered in this paper. As for 3D printing, the machines can 192 only utilise specific materials predefined by the printer manufacturers and PMMA is not 193 listed as a compatible material to be used for 3D printing [52] . Therefore, this fabrication 194 technique is not discussed here either. Figure 5 helps to explain the general process of injection moulding [57] . First, the 206 granulated plastic material is poured into the 'hopper' and is fed into the barrel. The presence 207 of heater bands around the outside of the barrel increases the temperature of the barrel to melt 208 the plastic materials according to the desired specifications. The melted plastic is then being 209 pushed along the barrel by the rotating screw into the mould tool and pressure is applied to 210 ensure that the melted materials filled all mould cavities. Afterwards, the melted material is 211 allowed to cool and solidify accordingly. The final moulded part is then taken out by 212 removing the moving platen from the fixed platen. ii. producing the part(s) in a more efficient manner. Each design can be tailored 224 according to the customer's needs and is pre-programmed into the machine. This 225 helps to expedite the moulding process, allowing more parts to be completed or 226 manufactured in a single mould (i.e. save the cost of producing a different mould for a 227 different part/design). In short, this technique offers more cost effective and better 228 mass production capabilities compared to other techniques. 229 iii. producing a stronger part due to the capability of using fillers. During the injection 230 moulding process, these fillers can be added into the mould which enhances the 231 strength of the moulded part. This could not be done with 3D printing or with a single 232 point diamond turning process. Despite these advantages, it has one main disadvantage, which is the high initial 239 tooling cost [59] . If the volume of production is minimal, it is not cost effective to use this 240 manufacturing technique. The high initial cost can be 'ignored' if the part is intended for 241 mass production [25] . The British Plastic Federation (BPF) shows that for a typical 242 component 1 fabricated from an injection moulding technique, the unit production cost drops 243 from £1,000 to around £1 per unit if the number of production increases from 1,000 to 244 1,000,000 units [53] . 
256
The steps to produce any part by using the SPDT process are as follow [60]: (i) the 257 'blank' is mounted on a specified fixture in the pre-programmed diamond turning machine;
258
(ii) the appropriate diamond tool is selected depending on the material and the shape of the 259 concentrator and subsequently mounted on the machine; (iii) the optical surface of the blank 260 is machined into the desired concentrator shape, and (iv) the machined concentrator is 261 cleaned to remove the cutting oils or solvents.
262
Rhorer and Evans [60] have listed some of the advantages of using the SPDT 263 technique over other fabrication methods. These include: (i) the capability to produce good 264 optical surfaces especially at the edges of the optical element; (ii) the ability to produce parts 265 even from soft ductile materials, and (iii) the ease with which any free form optical element 266 can be produced whether it is symmetrical or asymmetrical.
267
However, there are also some disadvantages of using this technique. The SPDT 268 method has a high rejection rate mainly due to demanding requirement on accuracy and 269 1 It is not clear what 'component' was analysed by the BPF. However, the information is useful to demonstrate the reduction in unit cost when the component is produced in high volume.
surface finish [61] . This method is also not suitable for mass production because of time and 270 cost issues, i.e. it is time consuming to produce one part and the cost per unit is very 271 expensive (between 100 and 1,000 times more expensive than injection moulding at high 272 volume) [61] . 273 Taking into account the pros and cons from both methods, and based on the advise 274 from UK Optical Plastic Ltd. [65] , it was decided that the optimised design were fabricated 275 using the injection moulding technique. The main determining factor is the cost of 276 production, i.e. it is intended that a larger CPV system that incorporates an array of the 277 RADTIRC design to be fabricated and tested indoor and outdoor afterwards. In terms of 278 performance, a detailed study by Huang [66] concluded that the injection moulding process is 279 capable of producing an optical concentrator with high precision provided that accurate 280 mould compensation and precise process control are in place. Figure 6 . It was important to measure the dimensions of the optimised design to check that 302 shrinkage had not occurred. The entrance aperture of the optimised RADTIRC was measured 303 using a Vernier gauge, and the measurements were compared with the CAD design (the 304 desired design) and the old prototype and the results are indicated in Table 1 . The negative 305 reading indicates that the measured dimension is smaller than the desired dimension. The 306 measurement along the y-axis of the optimised design is much closer to the desired 307 measurement, with a deviation of only -2.50%, unlike the old prototype which showed a 308 deviation of -3.26%. The possible reason of this small deviation is the over polishing on 309 removing the injection points from the moulded concentrator. However, the reading along the 310 x-axis of the optimised design is slightly larger than the desired measurement, approximately 311 by 3.35%. This is contributed by the 'flash' -a very thin layer of excess material which 312 typically appears between two surfaces of the mould. In conclusion, the dimension of the 313 optimised design is much closer to the desired CAD design, and approximate area deviation 314 of 0.8%, unlike the old prototype that has a deviation of -6.2%. The solar cells used for the test were supplied by Solar Capture Technologies Ltd, can be cured using a simple process [23, 38] . The Sylgard-184® was prepared by mixing the 358 supplied base and curing agent in a 10:1 weight ratio in a small beaker. The mixture is then 359 placed in a vacuum chamber for 15 minutes to eliminate air bubbles. A Dow Corning Primer 360 92-023 was applied on the solar cells for a better adhesion between the Sylgard and the cell.
361
Once the Sylgard was free from air bubbles, the mixture was poured on top of the solar cell. analysis evaluates the gain performance of the concentrator when exposed to rays at different 385 angles of incidence. The setup for the ray tracing analysis in ZEMAX® is shown in Figure 9 . A square 397 light source is selected to produce one million collimated rays and is configured to produce that the concentrator provides a substantial gain within its 'design' half-acceptance angle, 413 achieving a maximum value of 4.62 and an optical efficiency of 94.2% at normal incidence.
414
The optimised RADTIRC achieved 90% of its peak optical concentration gain and optical 415 efficiency values when the angle of incidence was ±16° along both the x and z-axes. These 416 values reduced to half when the angle of incidence of the rays reached ±36° and ±30° along 417 the x and z-axis respectively. It can also be observed that the optical concentration gain was 418 always greater than 1 (the optical efficiency higher than 10%) when the angle of incidence 75.9 mW when the RADTIRC-PV structure was compared with the bare cell, giving a 475 maximum power ratio of 4.93. The experiment showed that the RADTIRC increased the fill 476 factor from 77% to 78%. In terms of electrical conversion efficiency, the introduction of the 477 optimised RADTIRC increases this value from 15.38 % to 15.45%. When the short circuit 478 current from the optimised RADTIRC-PV design was compared with the old prototype, the 479 short circuit current showed a superior reading, an increase of 13.57%. A similar trend was 480 observed for the maximum power point reading where the optimised RADTIRC design 481 increased the reading to 76 mW from only 66 mW generated by the old prototype. path varies throughout the day. Instead of tilting the source, the variable slope base was tilted 493 from 0° to 60° at increments of 5°, with each tilt angle measured using the digital level meter.
494 Figure 13 compares the short circuit currents generated by the RADTIRC-PV 495 structure (the optimised design and the old prototype) with the ones generated by the bare cell 496 for angles of incidence within the ±60º range. In general, the short circuit current showed a 497 decreasing trend when the angle of incidence increased. In Figure 13 , it was found that the 498 optimised RADTIRC-PV structure achieved its maximum short circuit current at normal 499 incidence, with the value of 0.159 A recorded. The optimised RADTIRC-PV structure 500 achieved 90% of its peak short circuit value when the angle of incidence was ±20° along the 501
x-axis and ±18° along the z-axis. This value reduced to half when the angle of incidence of 502 the rays reached ±32° and ±28° along the x and z-axis respectively. When the angle of 503 incidence was equal to the 'design' half-acceptance angles, the short circuit current was 504 always higher than the one generated from the bare cell, as illustrated in Figure 13 . Beyond this angle of incidence, the short circuit current continued to decrease eventually reaching 0 506 A. The results from the experiment also indicate that within the 'design' half-acceptance 507 angles, the optimised RADTIRC-PV structure produces much higher short circuit current 508 than the old prototype, e.g. an increase of 13.57% at the normal angle of incidence. As for the bare cell, although the short circuit current value reduced when the angle of 516 incidence increased, it showed a gradual drop from its peak value. It achieved 50% of its 517 maximum short circuit current value when the angle of incidence was approximately ±60º.
518
This reduction was contributed mainly due to the cosine effect 4 [23, 72] .
519
There are two ways to investigate the performance of the concentrator. One is by 520 looking at its opto-electronic gain, and the other is by analysing its optical efficiency. The 521 opto-electronic gain measures the ratio of short circuit current produced from a CPV cell to 522 the one generated from a non-concentrating cell [23, 39, 73] . The optical efficiency, on the 523 other hand, is obtained by dividing the opto-electronic gain by the RADTIRC's geometrical 524 concentration ratio value [71, 74] . A higher opto-electronic gain is desirable since it translates 525 into a higher short circuit current, while a higher optical efficiency means that a higher For the optimised RADTIRC-PV structure, the maximum opto-electronic gain was 538 obtained at normal incidence, with a value of 4.48, unlike the old prototype with only at 3.93.
539
The optimised design achieved 90% of its peak opto-electronic gain value when the angle of 540 incidence was ±20° along the x-axis and ±18° along the z-axis. This value reduced to half 541 when the angle of incidence of the rays reached ±32° and ±28° along the x and z-axis 542 respectively. When the angle of incidence was equal to the 'design' half-acceptance angles, 543 the gain was always higher than 1, as indicated in Figure 14 . Outside this incidence angle, the 544 opto-electronic gain dropped gradually to 0. It can be concluded that within the 'design' half-545 acceptance angles, the optimised RADTIRC-PV structure produces much higher opto-546 electronic gain than the old prototype. A similar trend is observed when evaluating the optical efficiency of the RADTIRC-
554
PV structures, as illustrated in Figure 15 . For the optimised RADTIRC-PV structure, the 555 maximum optical efficiency was obtained at normal incidence, with a value of 91.3%, much 556 higher than the value obtained from the old prototype of only 80.1%. The optimised design 557 achieved 90% of its peak optical efficiency value when the angle of incidence was ±20° 558 along the x-axis and ±18° along the z-axis. This value reduced to half when the angle of 559 incidence of the rays reached ±32° and ±28° along the x and z-axis respectively. Outside this 560 incidence angle, the optical efficiency dropped gradually to 0. It can be concluded that within 561 the 'design' half-acceptance angles, the optimised RADTIRC-PV structure produces much 562 higher optical efficiency than the old prototype.
563
The opto-electronic gains and the optical efficiency trend were also compared with 564 the optical results obtained from the simulation using the optical simulation software 565 ZEMAX®, discussed previously in Section 5. The results from the experiments show good 566 agreement with the simulation data, with a deviation of 3.5% at normal incidence. When the 567 angle of incidence is between ±25º and ±35º, the deviation increases mainly attributed to rays between the solar cell and the exit aperture of the concentrator.
575
In terms of the variation of the maximum power output with angle of incidence, a 576 similar trend to the one obtained for the short circuit current was observed, as illustrated in 577 Figure 16 . The peak value of the maximum power was recorded at 75.9 mW and 15.4 mW 578 from the optimised RADTIRC-PV structure and the non-concentrating cell respectively. This 579 translates to a maximum power ratio (power gain) of 4.93. The maximum power generation 580 of the optimised RADTIRC-PV structure reached 50% of its peak value when the angle of 581 incidence was ±32º and ±28º along the x and z-axes, before gradually dropping to 0 W when 582 the angle of incidence continued to increase. It can be observed that the optimised 583 RADTIRC-PV structure produced a much higher maximum power output when compared 584 with the old prototype (only 66.4 mW at peak value), an increment of 14.3%. As for the 585 maximum power from the bare cell, the reduction of the maximum power was more gradual, 586 achieving a 50% of the peak value when the angle of incidence was closer to ±60º. The experiment was repeated to evaluate the variation of the I-V and P-V 596 characteristics under various levels of solar radiation. This investigation is helpful to evaluate 597 the performance of the RADTIRC-PV structure in locations that have higher or lower 598 average levels of solar irradiance. This was done by turning the variable attenuator control of 599 the solar simulator to change its output from 800 W/m 2 to 1,100 W/m 2 , at increments of 100 600 W/m 2 . The results are presented in Figures 17 and 18 . Based on the findings from Sections 601 7.1 and 7.2, it is concluded that the optimised RADTIRC-PV structure performs better than 602 the old prototype. For this reason, this section only compares the performance of the 603 optimised RADTIRC-PV structure with the non-concentrating cell.
604
When the intensity of the solar simulator increased from 800 W/m 2 to 1,100 W/m 2 , 605 the short circuit current from both samples increased from 0.126 A to 0.169 A for the 606 RADTIRC-PV structure and from 0.028 A to 0.039 A for the bare cell. In terms of maximum 607 power, the change in the simulator's intensities caused the reading from the samples to rise 608 from 0.060 W to 0.082 W and from 0.012 W to 0.017 W for the RADTIRC-PV structure and 609 the bare cell respectively. In general, the RADTIRC-PV structure produces a higher short 610 circuit current and a higher maximum power when exposed to higher level of solar radiation,
611
as expected, which is more desirable by the consumers when they want to reap higher 612 financial return from the feed-in tariff scheme. However, the increase in irradiance coupled 613 with the usage of a concentrator also increases the temperature of the PV cell, which will 614 subsequently reduce the electrical performance [39, 75] and even may cause accelerated aging 615 of the PV cell [76] . It is therefore crucial for any LCPV system to have the right RADTIRC 616 design and cooling system to ensure that the performance of the solar cell is at its optimum. If 617 an RADTIRC design with higher gain is needed, the solar cell could be cooled by introducing 618 a hybrid/thermal system (either using air or water), that utilises the co-generated heat to 619 produce hot water and stimulate ventilation [30, 38, 77] . The aim of this paper is to carry out the first optimisation on the concentrator known 634 as the RADTIRC developed by at the GCU. Despite the first 635 prototype yielding good results, two problems were identified: (i) the dimensions of the
